Mutations in either of two human presenilin genes (PS1 and PS2) cause Alzheimer's disease. Here we describe genetic and physical interactions between Caenorhabditis elegans SEL-10, a member of the Cdc4p family of proteins, and SEL-12, a C. elegans presenilin. We show that loss of sel-10 activity can suppress the egg-laying defective phenotype associated with reducing sel-12 activity, and that SEL-10 can physically complex with SEL-12. Proteins of the Cdc4p family have been shown to target proteins for ubiquitin-mediated turnover. The functional and physical interaction between sel-10 and sel-12 therefore offers an approach to understanding how presenilin levels are normally regulated.
Alzheimer's disease (AD) is a major cause of dementia among elderly people. The brains of affected individuals have a characteristic pathology, including hallmark amyloid plaques and neurofibrillary tangles. The main constituent of amyloid plaques is A␤42(43), a ␤-amyloid precursor protein processing product. The ''amyloid hypothesis'' posits that deposition of this peptide causes AD; however, the mechanism by which this peptide exerts its toxic effect is unclear (1) (2) (3) .
Familial forms of AD have enabled the identification of genes that may illuminate the underlying molecular basis of the disease. In addition to the gene encoding the ␤-amyloid precursor protein itself, familial AD mutations have defined two additional genes, which encode the proteins presenilin 1 (PS1) and presenilin 2 (PS2). Mutations in the presenilins account for a significant portion (up to 60%) of early-onset familial AD cases. Presenilins appear to have eight transmembrane domains (see ref. 4) , and most studies have localized presenilins to endoplasmic reticulum͞Golgi subcellular compartments (5) (6) (7) (8) . There is a growing body of evidence that presenilins are involved in the trafficking or processing of a selective group of proteins that includes ␤-amyloid precursor protein and LIN-12͞Notch proteins, but the mechanism of presenilin function remains unknown.
Individuals carrying mutations in PS1 or PS2 have elevated levels of A␤42(43) (9, 10) , and elimination of PS1 activity reduces the proteolysis of the ␤-amyloid precursor protein (11) . It has therefore been suggested that one approach to antiamyloidogenic therapy for AD is reducing presenilin activity (11) . Here, we report the use of a simple model organism, Caenorhabditis elegans, to identify genes that may serve as the basis for such therapies.
In C. elegans, there are two functional presenilin genes, sel-12 and hop-1. The sel-12 gene was found in a genetic screen for mutations that suppress the phenotypic effects of a constitutively active transmembrane receptor of the LIN-12͞ Notch family (12) . The SEL-12 protein appears to be a bona fide presenilin, since human PS1 or PS2 can substitute for SEL-12 in C. elegans (13) . Another C. elegans gene, hop-1, encodes a somewhat more divergent protein that also appears to be a bona fide presenilin, since HOP-1 can substitute for SEL-12 (14) . Furthermore, genetic studies suggest that sel-12 and hop-1 are functionally redundant in facilitating the activity of LIN-12͞Notch proteins in several cell fate decisions (14) .
Genetic screens for suppressors of mutations in the C. elegans sel-12 presenilin constitute one approach to identifying factors that may regulate presenilin level or activity. sel-12 mutations cause a highly penetrant egg-laying defective (Egl) phenotype (12) . Suppressors can be easily identified by looking for the presence of eggs among the progeny of mutagenized sel-12 mutant hermaphrodites or by constructing double mutants carrying mutations in candidate genes and in sel-12. In principle, loss-of-function mutations that suppress the Egl defect of sel-12 mutants might augment or stabilize mutant SEL-12 proteins or HOP-1(ϩ), or reduce or bypass the need for presenilin activity.
Here, we show that the sel-10 gene has properties of a candidate factor for regulating presenilin level or activity. The sel-10 gene was originally defined by suppressors of a subset of defects caused by reduced lin-12 activity and was found to encode a member of the Cdc4p family of F-box͞WD40 repeat containing proteins (15, 16) . Based on biochemical and functional studies, F-box͞WD40 proteins have been proposed to recruit substrates for ubiquitination (17, 18) . The F-box is believed to interact with core ubiquitination complexes, and the WD40 repeats are believed to interact with substrates (17) (18) (19) . Ubiquitination generally leads to rapid protein degradation, although this is not necessarily its sole consequence (18) , and there is evidence that presenilins are degraded by the ubiquitin-proteasome pathway (20) (21) (22) . Different Cdc4p-like proteins have been implicated in the targeting of a variety of substrates. The resemblance of SEL-10 to Cdc4p led us to explore the possibility that sel-10 is a potential regulator of presenilin level or activity. The genetic and functional interactions we observed suggest that sel-10 is indeed a candidate for such a regulator.
MATERIALS AND METHODS
Genetic Methods. Standard procedures and conditions for the maintenance and manipulation of C. elegans are described in ref. 23 . All experiments were performed at 20°C, unless otherwise indicated. Mutations used in this study were: lin- pQNClacZ contains the bacterial lacZ gene. pQNCsel-10myc encodes a protein with six myc epitope tags (25) fused in frame to the N terminus of SEL-10 at amino acid 13.
pQNCsel-10 hemagglutinin (HA) encodes a protein with an HA epitope tag fused in frame to the N terminus of SEL-10 at amino acid 13.
pQNCsel-12myc encodes a protein with six myc epitope tags fused in frame to the SEL-12 loop region between amino acids 336 and 337.
pQNCsel-12HA encodes a protein with an HA epitope fused in frame to the C terminus of SEL-12 at amino acid 441.
Transfections, Immunoprecipitations, and Western Blot Analysis. 293T (Bosc23) cells (26) were maintained in DMEM with 10% fetal bovine serum. A confluent plate of cells was split 1:3 the day before transfection. For one 60-mm plate of cells, 4 g of each plasmid DNA was transfected by using the calcium phosphate precipitation method. The total amount of DNA was kept constant by supplementation with lacZcontaining plasmids.
Two days after transfection, cells were harvested and lysed in TENT buffer (50 mM Tris⅐Cl (pH 8.0)͞2 mM EDTA͞150 mM NaCl͞1% Triton-X 100) containing protease inhibitors (2 g/ml aprotinin͞2 g/ml leupeptin͞2 g/ml pepstatin͞0.5 mM phenylmethylsulfonyl fluoride). Lysates were clarified by centrifugation at 10,000 ϫ g for 10 min, protein content was determined by using the Bio-Rad Protein Assay Kit, and samples were normalized for protein content. Extracts were precleared with Sepharose CL-4B beads, incubated with antibodies (50 l of 12CA5 anti-HA supernatant or 200 l of 9E10 anti-myc supernatant) for 6 hours at 4°C, then incubated with 40 l of 50% slurry of protein A-Sepharose for 1 hour at 4°C. The protein A-Sepharose beads were washed with TENT buffer three times by vortexing for 5 min, beads were boiled in 30 l of 1ϫ protein loading buffer and then electrophoresed on a 10% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane.
A Western blot was first blocked overnight at 4°C with TBST (10 mM Tris, pH 8.0͞150 mM NaCl͞0.2% Tween 20) containing 1% BSA (TBST-BSA). The blot was then incubated with primary antibody diluted (1:50 for 12CA5; 1:10 for 9E10) in TBST-BSA for 1 hour, washed three times for 5 min each with TBST, and incubated with secondary antibody in TBST-BSA for 1 hour. After three washes, the signal was visualized by enhanced chemiluminescence (ECL, Amersham).
12CA5 anti-HA antibody was obtained from Berkeley Antibody, Richmond, CA. 9E10 anti-myc antibody was prepared from culture supernatants of the 9E10 hybridoma (27) .
RESULTS AND DISCUSSION
A schematic drawing showing relevant features of the SEL-10 and SEL-12 proteins is shown in Fig. 1 . The positions of relevant mutations and of epitope tag insertions are also indicated.
Genetic Interactions Between sel-10 and sel-12. A genetic suppressor or enhancer approach may enable the detection of a functionally relevant interaction between genes even when biochemical methods are not sensitive enough to detect differences in activity or level. Genes encoding products that normally promote the turnover of C. elegans presenilins or of components that act downstream of presenilin or in parallel pathways might be defined as suppressors of the Egl phenotype of sel-12 loss-of-function mutations.
If a ubiquitin-targeting factor is mutated, the target protein should be stabilized. F-box proteins like SEL-10 are candidates for ubiquitin-targeting factors (17, 18) . We therefore explored the possibility that sel-10 might be involved in targeting SEL-12 or HOP-1 for degradation by looking for the ability of sel-10(ar41), a strong loss-of-function mutation in sel-10 (16), to suppress the Egl phenotype caused by sel-12 alleles. We examined the effects on two different sel-12 alleles, sel-12(ar131) (C60S) and sel-12(ar171) (W225STOP) (12) . sel-10(ar41) displays striking suppression of the Egl phenotype of both of these alleles (Table 1) . Suppression is recessive (data not shown). The suppression of the Egl phenotype implies a functional interaction between sel-10 and sel-12, but the biochemical nature of the interaction cannot be inferred from this simple genetic test.
lin-12 partial loss-of-function mutants, like sel-12 mutants, are Egl (15) . The cellular basis of these Egl phenotypes of sel-12 and lin-12 mutants is not known with certainty, but the phenotypes appear similar and possibly share a common underlying cause (12) . However, genetic data suggest that sel-10 does not suppress the Egl phenotypes of sel-12 mutants simply by increasing lin-12 activity. First, sel-10 does not efficiently suppress the Egl phenotype associated with partial The genetic data suggested that the functional interaction between sel-10 and sel-12 is likely to reflect an effect on presenilin activity independent of an effect on lin-12 activity. The functional interaction between sel-10 and sel-12 might reflect a direct physical interaction between SEL-10 and presenilins or between SEL-10 and another factor or factors that influence presenilin level or activity. We explored this issue by coimmunoprecipitation experiments, as described below.
Expression of Epitope-Tagged SEL-10 and SEL-12 in Mammalian Cells. We tagged SEL-10 with either a six-myc epitope or an HA epitope at the amino terminus (Fig. 1) , as described in Materials and Methods. 293T cells were transfected with expression plasmids encoding these epitope-tagged proteins. Protein detection was conducted by immunoprecipitation from transfected cell lysates followed by Western blotting of the immunoprecipitates. When this procedure was performed with anti-myc antibodies to detect SEL-10myc, we detected a prominent species of 80 kDa, the expected molecular mass of SEL-10myc ( Fig. 2A, lanes 2 and 4) . When it was performed with anti-HA antibodies to detect SEL-10HA, we detected a major species of 68 kDa, the expected molecular mass of SEL-10HA (Fig. 3A, lanes 2 and 4) .
We tagged SEL-12 with an HA epitope at the C terminus or a six-myc epitope in the intracellular loop ( Fig. 1; Materials and Methods). When immunoprecipitation and blotting were performed, we detected the SEL-12HA or SEL-12myc proteins as multiple species, including several of higher molecular weight than predicted (Fig. 2C, lanes 3 and 4; Fig. 3C, lanes 3 and 4) . (Differences in the patterns may be attributed to the location of the epitope tags and sensitivity of the detecting antibodies.) The multiplicity and pattern of epitope-tagged SEL-12 species strongly resemble the multiplicity and pattern of similarly epitope-tagged human presenilin forms (20) . Biochemical analysis of human presenilins has revealed that higher molecular-weight species also contain ubiquitin and͞or increase on treatment with proteasomal inhibitors (20) (21) (22) . It is not clear why high molecular-weight polyubiquitinated forms of presenilins are evident in the absence of inhibitors of the proteasome, and it will be interesting to determine whether there are other factors that regulate the rate or extent of polyubiquitinated-presenilin turnover.
Physical Interactions Between SEL-10 and SEL-12. If SEL-10 does indeed target presenilins for ubiquitination then SEL-10 would be expected to associate physically with presenilins. We assessed potential physical interactions between SEL-10 and SEL-12 by coimmunoprecipitation using transiently transfected mammalian cells. When lysates of transfected cells containing SEL-10myc and SEL-12HA (Cterminal tag) were precipitated with either anti-myc antibodies ( Fig. 2 A and D) or anti-HA antibodies ( Fig. 2 B and C) , the immunoprecipitates were found to contain both SEL-10myc and SEL-12HA. These results demonstrate that SEL-10 and SEL-12 presenilin are able to form a complex, suggesting that presenilins may be targeted by SEL-10.
However, when lysates of transfected cells containing SEL-10HA and SEL-12myc (loop tag) were analyzed for coimmu- noprecipitation, we were unable to detect a physical interaction ( Fig. 3 B and D) . This lack of association raises two interesting points. First, the lack of coimmunoprecipitation of loop-tagged SEL-12myc with SEL-10HA supports the interpretation that the interaction we observed between SEL-12HA and SEL-10myc is specific and is not simply the result of nonspecific aggregation of SEL-12 and SEL-10 because of the experimental conditions. Second, the cytosolic loop of SEL-12 has a region with features of a PEST sequence (28) and potential phosphorylation sites. The WD40 region of Cdc4p has been shown to bind to phosphorylated target proteins to promote their degradation (18) . The failure of coimmunoprecipitation when the epitope tag is near the PEST region may indicate that this region is mediating the interaction between SEL-10 and SEL-12.
We note that coimmunoprecipitation experiments similar to those described here as well as yeast two-hybrid experiments have identified other proteins that interact physically with the presenilin intracellular loop region. Two studies have provided evidence that the presenilin loop region interacts with ␤-catenin, a family of proteins that are components of cell junctions and of the Wnt signal transduction pathway, and ␦-catenin, a novel ␤-catenin-related protein (29, 30) . Another study has provided evidence that the presenilin loop region interacts with the microtubule-associated protein and with glycogen synthase kinase-3␤, which can phosphorylate as well as intermediates in the Wnt signal transduction pathway (31) . However, no evidence for the functional relevance of these interactions has been reported.
Concluding Remarks. Loss of sel-10 activity leads to dramatic suppression of the Egl phenotype caused by reducing sel-12 activity. At this time, we do not know whether reducing sel-10 activity leads to suppression by stabilizing mutant SEL-12 proteins, stabilizing HOP-1(ϩ), or lowering the need for presenilin activity by a bypass mechanism (perhaps by stabilizing other proteins). These possibilities are not mutually exclusive, and it is possible that the functional interaction we have observed is the sum of several relatively small biochemical effects. Further work will be directed toward understanding the details of how reducing sel-10 activity leads to suppression.
Proteins highly related to SEL-10 exist in mammals (16, 18) (our unpublished observations; M.E. Gurney, personal communication). The observations we have described here concerning the physical and functional interactions between SEL-10 and SEL-12 in C. elegans raise the intriguing possibility that SEL-10 is part of a conserved mechanism that regulates presenilin level or activity in mammals. Functional analysis of Samples were immunoprecipitated with anti-myc antibody and the Western blot was probed with anti-myc to visualize SEL-12myc. Arrows denote the multiple apparent SEL-12myc species, which are reminiscent of the multiple human presenilin species that have been reported (20) . (D) Samples were immunoprecipitated with anti-HA and the Western blot was probed with anti-myc to determine whether SEL-12myc is present. Lane 1, lacZ expression plasmid. Lane 2, sel-10HA expression plasmid. Lane 3, sel-12myc expression plasmid. Lane 4, sel-10HA ϩ sel-12myc expression plasmids. All transfections were normalized for DNA content with lacZ expression plasmid.
